Abstract: To produce a large-sized regenerative joint by the conjugation of small elements combining artificial bone with tissue engineering cartilage, we made small beta tricalcium phosphate (β-TCP)-hexagonal columns (each side: 2 mm, height: 1 cm) as a substitution of subchondral bone, and attempted to achieve mutual bonding of those columns. A large number of cell sheets was produced from mesenchymal stem cells (MSCs) using NIsopropylacrylamide (NIPPAM)-coated culture dishes. Those cell sheets were dripped onto the lateral surface of a β-TCP-hexagonal column. A pair of the columns was combined side-to-side with each other and were then cultured in osteogenic medium. After 3 weeks of culture, the matrix production-promoting stimulation led to bonding of the two columns, and they were not readily separated by lifting one column using forceps. Not only a pair of those columns, but also three or five, were strongly conjugated, and the columns could be lifted as a single mass. Such in vitro bonding of hexagonal columns of β-TCP utilizing MSCs can support the increase in size of regenerative joints and would enable widening of clinical indications for tissue engineering.
Introduction
Autologous chondrocyte transplantation, an established regenerative medicine for joint cartilage, has been basically performed to the local defects of joint cartilage. Its therapeutic targets are primarily athletic injuries and osteochondritis dissecans.
1) The osteoarthritis usually shows a wide defect of joint cartilage, precluding effective treatment using conventional cartilage regenerative medicine. Thus, osteoarthritic joints should be regenerated by a novel technology combining regenerative cartilage with artificial bones.
2)
However, such a large-sized regenerative tissue that can treat osteoarthritis tends to show poor internal material exchange and, therefore, often causes central necrosis. 3) In general, regenerative tissues, particularly regenerative cartilage, are vulnerable to malnutrition or hypoxia when the cells are in an undifferentiated or dedifferentiated state. 4) In contrast, the undifferentiated or dedifferentiated cells seem to acquire resistance to malnutrition or hypoxia, when differentiating into chondrocytes. 4) Thus, we speculate that regenerative tissues containing undifferentiated cells should be cultured as small-sized tissues (regenerative elements) with a high efficiency of substance exchange, in order to prevent necrosis. After necrosis becomes unlikely with maturation, the regenerative elements can be combined to prepare a large-sized regenerative tissue. For joint regeneration, small osteochondral elements which consist of regenerative cartilage and artificial bones should be combined side-to-side, based on the shape of joint defect. In those procedures, although the technique for placing regenerative cartilage on artificial bones is important, the development of method for combining the small regenerative elements with each other is also essential for fabricating the large-seized regenerative compared with the regenerative cartilage that is a biological product and seem difficult to be combined with each other.
Regarding the shape of regenerative elements adequate for mutual combination, a hexagonal column facilitates the production of small elements from a large bulk of artificial bone and allows side-to-side bonding that cannot be achieved with cylinders. Some biomaterials may enable the side-to-side binding of the hexagonal columns. For example, hydrogel (e.g., fibrin glue) can be used for binding. 5) However, the mechanical strength of hydrogel is insufficient to bind rigid artificial bones. Bone cement (e.g., calcium sulfate) may also be employed 6) , but some volume of the biomaterial intervention between the elements are required for
bonding. In such a case, the regenerative cartilage in each element may form a gap without being immediately adjacent, although ideally, it should be tightly and adjacently bound.
Thus, the regenerative elements attempted to be biologically bound with each other, using minimal thickness of cultured cells.
Artificial bones alone allow bone conduction, 7) while placing mesenchymal stem cells (MSCs) inside facilitates bone induction. 8) Using this principle, MSCs were adhered on the surface of hexagonal column made of calcium ceramics. MSCs are the progenitors of osteoblasts and produce bone matrix, when appropriately induced. 9) Therefore, the bone matrix, membranously added on the surface of the hexagonal columns, acts as a bonding material for the columns, providing side-to-side bonding between the columns. The artificial bone should be porous to allow efficient bone conduction but should also be absorbed and replaced by physiological bones after transplantation. The size of individual pores in the porous body usually ranges from several tens to hundreds times compared with cells. 10) If the MSCs are administered to the side of the columns as a cell suspension, they may be rapidly infiltrated inside, precluding cell placement on the side.
Therefore, we attempted to prepare a large amount of cell sheets, for which N-Isopropylacrylamide (NIPPAM) -coated culture dishes were used. The surface of the NIPPAM-coated culture dish can be altered for hydrophilicity in response to low temperature. 11) If the NIPPAM used to coat the culture dish can
Materials and Methods

Culture of rat MSCs.
All experimental procedures were approved by Animal Experiment Committee of the University of Tokyo Graduate School of Medicine (approval number: P09-026). Rat MSCs were collected from six-week-old male Sprague-Dawley rats (Nisseizai, Tokyo, Japan). After the epiphyses of the tibias were removed, the marrow was flushed out by using a syringe filled with medium and filtered through a 70-μm nylon mesh. The obtained bone marrow materials (100 μl/φ2.2 cm dish) were plated and cultured using the hMSC bullet kit (Cambrex, East Ruatherford, NJ, USA) in a 37 °C/5% CO 2 incubator. The medium was changed twice a week. Cells were treated with trypsin-EDTA solution and passaged before reaching confluence. After 2 passages, cells were collected and subjected to experiments.
Cell sheet preparation using NIPPAM.
Rat MSCs were seeded in the NIPPAM-coated dish with 3 × 3-mm 2 grids (φ6 cm, RepCell CellSeed, Tokyo, Japan) at 1 × 10 5 cells per dish and cultured in the hMSC bullet kit in a 37 C/5 % CO 2 incubator. The medium was changed twice a week. The dish was then cooled to 20 C, and cells were detached with mild vibration. In the control experiment, cells were cultured in a normal culture dish (φ6 cm, with the grids: Corning, Tewksbury, MA, USA). The cells were detached from the dish by treatment with trypsin-EDTA solution.
MCS coating on β-TCP hexagonal columns and their lateral bonding.
Hexagonal column (each side: 2 mm, height: 1 cm) made of β-TCP (porosity: 75 %, provided by Olympus Terumo Biomaterials, Tokyo, Japan) were used ( Fig. 1 ). MSCs were applied to the lateral surface as follows: After cells were detached, they were aspirated into a micropipette and applied to the lateral surface of a β-TCP hexagonal column. The medium penetrated β-TCP and was excreted from the opposite lateral surface. The MSC- 218 be patterned, a sheet of MSCs can be prepared according to the pattern. In the present study, the NIPPAM-coated culture dishes with 3 × 3 mm 2 grid-pattern were used to prepare abundant cell sheets of MSCs. Those sheets were too large to penetrate the pores of porous artificial bones and considered to be suitable for side coating. In order to achieve side-to-side bonding to hexagonal column-type artificial bones useful for preparing a large-sized regenerative joint, a large amount of cell sheets were produced from MSCs using the NIPPAM-coated culture dishes. The aim of this study was to examine whether side-to-side binding can be achieved by placing the cell sheets on the side of the hexagonal column-type artificial bone, which is essential for production of a large-sized regenerative joint. For the osteogenic differentiation, β-TCP hexagonal columns onto which the MSCs were administered incubated for three weeks in DMEM supplemented with 10% fetal bovine serum, 10mM β-glycerophosphate, 100nM dexamethasone, 50 μg/ml ascorbic acid-2-phosphate, and 100 ng/ml bone morphogenetic protein (BMP)-2. 12) For comparison, DMEM supplemented with only 10 % fetal bovine serum was used. The medium was changed three times/ week. To bind MSC-coated lateral surfaces of β-TCP hexagonal columns with each other, the surfaces were closely contacted and cultured in a 24-well plate for 3 weeks.
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Enzyme histochemistry for alkaline phosphatase.
The cells were incubated with a mixture of 5 mg naphthol AS-BI phosphate (Sigma, St. Louis, MO) as a substrate and 18 mg of fast red violet LB salt (Sigma) diluted in 30 mL of 0.1 mol/ L Tris-HCl buffer (pH 8.5).
13)
Evaluation of bonding strength.
The testing device was comprised of a rotary motor and an electronic balance with 1 mg precision. One pair of the bonded β-TCP hexagonal column was adhered to the holder of the electronic balance, while the other was detached by pulling up at a moving speed of 4.4 μm/s using 20 μm SUS wire to measure the bonding strength (gf).
Results
MSCs were cultured in a non-coated culture dish or NIPPAMcoated one. When the cells grew to subconfluence, they were dispersed enzymatically (Fig. 2 A and B) and by temperature treatment (Fig. 2 C and D) , respectively. The cells cultured onto the non-coated culture dishes were individually detached and collected ( Fig. 2 A and B) . In contrast, in the NIPPAM-coated dishes, the cells formed small sheets and were floating in the medium (Fig. 2 C and D) .
The cell suspensions or the cell sheets derived from the cells of 0.5, 1, 2, and 4 dishes (about 2, 4, 8 and 16 × 10 5 cells, respectively) were dripped on the lateral surface of β-TCP hexagonal column, followed by incubation in a humidity bath at 37 °C. The presence of cells was then confirmed using ultraviolet light staining after 1 (Fig. 3 A, B , E, F, I, J, M and N) and 6 h ( Fig.   3 C, D, G, H, K, L, O and P) of dripping. No cells were retained on the lateral surface when they were cultured in the absence of a NIPPAM coat (Fig. 3 A, C , E, G, I, K, M and O), but cells grown on the NIPPAM coat were retained (Fig. 3 B, D, F , H, J, L, N and P). The density of cells retained on the lateral surface of columns increased in parallel with the number of applied cells, while the cell density on the lateral surface of columns reached a plateau when the applied cells were prepared from 2 dishes or 4 (Fig. 3) .
To investigate whether these MSCs in cell sheets had osteoblast activity on the lateral surface of the hexagonal column, the columns were cu ltured in osteogen ic medium containing β-glycerophosphate, ascorbic acid, and BMP-2. MSCs grown in a conventional dish for comparison were alkaline phosphatase A pair of β-TCP hexagonal columns that were loaded with MSCs on the lateral surface were combined with each other, and were incubated (A). After three weeks's incubation (B), the bonding of hexagonal columns were not retained, when the columns were cultured in the control medium (C), but stable bonding was obtained in the osteogenic medium (D). Bar = 1 cm.
Yoshiyuki Mori et al.: Cell-Based Conjugation of Ceramics activity-positive after 1 week of culture. The MSCs dripped as the cell sheets onto β-TCP were also alkaline phosphatase activitypositive after differentiation was promoted by culture in the osteogenic medium (Fig. 4) .
The cell sheets of MSCs prepared in total two NIPPAM-coat culture dishes were applied to the lateral surfaces of 2 β-TCP hexagonal columns, and the columns were side-to-side contacted and cultured (Fig. 5 A and B) . After the culture for 3 weeks in the control medium without any growth factors, the bonding was not retained (Fig. 5 C) . However, in the osteogenic medium containing β-glycerophosphate, ascorbic acid, and BMP-2, the matrix production-promoting stimulation led to bonding of two columns, and they were not readily separated by lifting one column using forceps (Fig. 5 D) . In the evaluation of the bonding strength, it was very weak when osteogenic medium was not used, whereas bonding was rather strong when the columns were incubated in the osteogenic medium (Fig. 6 ). Using this method, after three ( Fig. 7 A) and five ( Fig. 7 B) columns were cultured, the bonding was sufficiently strong and the columns could be lifted as a single mass (Fig. 7) .
Discussion
Repairing joint cartilage is an important issue in regenerative
medicine. In order to repair a joint cartilage defect, the composite tissues of the cartilage and bone are cylindrically harvested from the outer periphery of the joint, followed by mosaic transplantation into the joint cartilage defect (mosaic plasty). 14) However, in the case of conducting this method, the healthy joint cartilage and its subchondral bone must be destroyed to harvest the donor tissues for transplantation. This results in producing a new defect in the healthy joint, limiting the size of the defect that can be repaired.
Thus, regenerative medicine that enables joint reconstruction by the conjugation of small regenerative elements is desired.
The hexagonal columns examined in this study were simulated to be used as a bone part of those small regenerative elements.
During mosaic plasty, the cylinders are inserted to fix the defect. The cylinders are fixed at the defect, mainly through physical friction. No frictional force can be obtained if there is no normal joint cartilage frame that surrounds the joint cartilage defect. Thus, mosaic plasty can be employed for localized defects with the normal cartilage preserved around the entire circumference.
However, in vitro bonding of regenerative elements utilizing the artificial bone-MSC interaction can be obtained before transplantation, which would eliminate the need for the normal joint cartilage frame. Therefore, novel approaches for various cartilage injuries (e.g., osteoarthritis) that have not been treated by conventional methods will be available.
We attempted to achieve the bonding between the hexagonal columns of calcium ceramics using the MSCs that can differentiate into osteoblasts. Such osteoblasts enable to produce immature bone matrices in vitro. The immature bone matrices are entangled, matured, and eventually calcified. In the present study, sufficient bonding of the hexagonal columns seems obtained. This may be explained by differentiation induction and increased matrix production in MSCs.
MSCs that exerted the side-to-side binding of artificial bones may also contribute to bone induction in the conjugation of artificial bones that should function as subchondral bones. Osteochondral defects of joints had been clinically reconstructed by the combination of regenerative cartilage and artificial bones.
2)
In such cases, artificial bones were employed for bone defects without administration of any osteogenic cells, while those artificial bones transplanted to subchondral bone defects were spontaneously organized into physiological bones through the effects of bone marrow MSCs migrated from the surrounding areas. 15) In subchondral bone areas where many MSCs reside, bone regeneration may be expected, only using artificial bones as a scaffold for cell migration. Otherwise, it was reported that cultured MSCs were placed inside porous artificial bones, allowing more potent induction of bone regeneration. As shown in the present study, the method placing the MSCs onto the lateral sides of -TCP hexagonal columns allows their bonding. In the future, the curvature created by the combination with the top surfaces of hexagonal columns should be corresponding to the original surface of the joint, because incompatibility of the joint surface on the opposite side brings about the damage of joint cartilage and leads to severe osteoarthritis. 17) In order to reproduce this curvature, the clinical image data, for example, three-dimensional CT images, of the joint on unaffected side may be useful, when it is reversed as a mirror image with a computer. A concave mold, which is threedimensionally formed by rapid-prototyping using the threedimensional image data as a reference, will be utilized to combine the regenerative elements, and to reproduce an exact anatomy in a large-sized regenerative joint. As described in the present study, the side-to-side bonding through MSCs required culturing in the osteogenic medium for approximately three weeks. In order to simplify the manufacturing procedure, the recipe of culture media should be improved to achieve more rapid and tighter bonding. However, to complete the production of the regenerative elements of hexagonal columns, the regenerative cartilage must be placed and simultaneously cultured on the top surface of the artificial bones of hexagonal columns. In general, the osteogenic culture media contain many kinds of growth factors that induce endochondral ossification. 18, 19) . Moreover, if white blood cells that are derived from donated blood are used as cell sources for iPS cells, large lots of the iPS cells will be stored, with which majority of patients suffering from various diseases will be covered, because blood donation is a system that widely prevails in many contries and huge numbers of people have been utilize this system. In the future, such cell banks and reliable induction of MSCs from the iPS cells will provide less invasive and ideal regenerative medicine for joint diseases.
In conclusion, we made -TCP hexagonal columns (each side: 2 mm, height: 1 cm), and achieved mutual bonding of those columns with MSC sheet produced by NIPPAM-coated culture dishes. When each column is combined with tissue-engineered cartilage, such in vitro bonding of hexagonal columns of -TCP utilizing MSCs can support the increase in size of regenerative joints and would enable widening of clinical indications for cartilage tissue engineering.
